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Abstract. The phase diagram of the superconducting cuprates is often used to show
how their electronic properties change as a function of the mean doping level, i.e.,
the average hole content of the CuO2 plane. In Nuclear Magnetic Resonance (NMR)
experiments average doping, as well as the distribution of these holes between planar
Cu and O reveals itself through the quadrupole splittings of the 63,65Cu and 17O NMR.
Here we argue based on all published NMR data available to us in favor a new type of
phase diagram that has the planar oxygen quadrupole splitting and with it the planar
oxygen hole content as abscissa rather than the average hole content of the CuO2
plane. In such a plot the superconducting domes of the different cuprate families are
shifted horizontally according to their maximum critical temperature Tc,max set by the
chemistry of the parent material, which determines its oxygen hole content. The higher
the O hole content the higher Tc,max that can be achieved by actual doping. These
findings also offer a strategy for finding cuprates with higher Tc,max.
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1. Introduction
The well-known phase diagram of the hole doped high-temperature superconducting
cuprates (HTSCs) has at zero doping (x = 0) the antiferromagnetic insulator and
by increasing x this state disappears rapidly. The so-called ”superconducting dome”
appears at a few percent of doping, with the superconducting transition temperature
Tc reaching its maximum (Tc,max) near x ≈ 0.15 (optimal doping). Further increase of
the doping causes a gradual decrease of Tc on the overdoped side. Why Tc,max is so
different for different HTSC is not understood. It is believed that the understanding
of the various electronic phases that appear to be generic to the different regions of
the phase diagram will hold the clue also for understanding Tc,max. This believe is not
supported by our results discussed below. We will argue, based on all published NMR
data available to us, that doping the HTSC only unlocks the Tc,max that is strongly
influenced by the parent’s hole sharing between planar copper and oxygen. A phase
diagram that has the planar oxygen hole content as abscissa, rather than x leads to
well-ordered superconducting domes according to their Tc,max.
NMR is a powerful local probe that contributed tremendously to the understanding
of the chemical and electronic structure of the HTSCs[1]. For example, NMR can
measure the electronic spin susceptibility with shift and relaxation measurements, and
NMR discovered early on the pseudo-gap above Tc on the underdoped side of the
phase diagram, a property markedly different from those of classical superconductors.[2]
For many years, it was believed that the shift and relaxation measurements can be
understood with a single electronic fluid’s spin response. However, with a set of NMR
shift experiments at ambient and very high pressures on various systems it was shown,
recently, that a single temperature dependent electronic spin component cannot explain
the data.[3, 4, 5] Here, we do not discuss the magnetic properties of the HTSC, but
address the quadrupole splitting of the NMR of planar Cu and O.
Since 63,65Cu and 17O possess an electric quadrupole moment (nuclear spin I > 1/2),
the quadrupole interaction gives additional insight into structural details of the HTSCs.
In the absence of a magnetic field, the quadrupole interaction splits the degenerate
nuclear spin levels, and in a high magnetic field, i.e., where the Zeeman interaction
dominates the quadrupole interaction, the latter shifts the levels so that the NMR lines
split into 2I transitions.[6] The splitting depends on the orientation of the magnetic field
with respect to the crystal axes, and from angular dependent studies one can determine
the principle axes values and the orientation of the tensor of the electric field gradient
(EFG) that interacts with a nucleus’ quadrupole moment.
For the electron doped systems there are only few 63,65Cu NMR studies known,
and 17O data are lacking, completely. Luckily, the situation is quite different for the
hole-doped HTSCs where a large number of studies is available. These show that the
quadrupole splittings for both nuclei in the CuO2 plane depend linearly on the average
doping level and thus the total hole content of the CuO2 plane, and various models
including first-principle calculations addressed this observation, e.g. Ref. [7, 8, 9].
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Here we investigate all published 17O and 63Cu NMR data accessible to us (collected
in Tabs. 1 and 2), and without invoking a special quantitative microscopic model
that relates the NMR splitting to the hole content of the various orbitals we arrive
at important conclusions. We show that the splittings at both nuclei are very good
measures of the doping level, and we argue that different parent materials (x = 0)
differ in the hole distribution between Cu and O, only. It emerges that Tc,max is set by
this distribution such that the bigger the planar O hole content the higher the Tc,max.
The actual doping only unlocks this potential (probably by destroying the Cu based
magnetism). Thus, with respect to the number of O or Cu holes different families of
HTSCs occupy very different regions in a phase diagram that has oxygen splitting and
with it the number of oxygen holes as abscissa. Here, all HTSCs appear ordered, the
higher the oxgygen hole content of the parent material the larger Tc,max of that system,
irrespective of peculiarities often discussed, e.g., inhomogeneities.
2. Results and Discussion
First, we introduce some definitions and discuss some general properties that determine
the quadrupole splittings in HTSCs. We begin with the parent materials and denote
the EFG at a nucleus by Ξ (we omit the label for O and Cu), a symmetric, traceless
tensor with the three principal axis components ξii, i.e.,
Ξ = (ξ11, ξ22, ξ33) = ξ33
(
−1
2
(1− ηξ),−1
2
(1 + ηξ), 1
)
. (1)
The asymmetry parameter ηξ is given by,
ηξ =
ξ11 − ξ22
ξ33
, (2)
with the usual definition that ξ33 has the largest magnitude, i.e., |ξ33| ≥ |ξ22| ≥ |ξ11|
(
∑
ξii = 0).
Based on symmetry arguments, one expects for the parent compound an EFG at
planar Cu (in square planar arrangement with planar O) that is axially symmetric
(ηξ = 0). Since there is a substantial hole content in the Cu 3d(x
2 − y2) orbital, a large
quadrupole splitting, i.e., a large ξ33, is expected (ξ22 = ξ11 = −ξ33/2; note that we
cannot determine the sign of the ξii, hence we take ξ33 to be positive). One expects
the principle axis of ξ33 to coincide with the crystal c-axis, i.e., it is perpendicular to
the CuO2 plane. The charges in Cu 3d(z
2 − r2) or 4p orbitals do not affect the local
Cu symmetry (4s will not contribute to the EFG, at all). The situation is expected to
be different at planar O, which is in an almost full shell configuration (for a full shell
the EFG is zero). Therefore, one expects a small quadrupole splitting with its largest
principle component along the 2pσ bond due to hybridization of Cu 3d(x
2 − y2) and O
2pσ orbitals[9]. The asymmetry of the tensor is expected to be substantial since the two
axes perpendicular to the O 2pσ bond are not equivalent.
Doping the parent compounds must change the Cu and/or O EFGs, but will not
change the fundamental local symmetry at either nuclear site. In the most simple
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scenario one may assume that hole doping (x) creates an additional electric field with
an axially symmetric EFG (X),
X = (x11, x22, x33) , X = x33
(
−1
2
,−1
2
, 1
)
. (3)
For Cu this is mandatory, but for O the other 2p orbitals might be affected by the
doping, as well. In the experiment we measure the sum of both EFGs (Θ = Ξ +X),
Θ = θ33
(
−1
2
(1− ηθ),−1
2
(1 + ηθ), 1
)
, (4)
and with (3) and (1) we have,
θ11 = − 1
2
θ33 − 1
2
ξ33ηξ, θ22 = −1
2
θ33 +
1
2
ξ33ηξ, θ33 = ξ33 + x33 (5)
ηθ =
ξ33ηξ
ξ33 + x33
. (6)
One recognizes that,
θ33ηθ = ξ33ηξ, i.e., θ11 − θ22 = ξ11 − ξ22, (7)
and a symmetric contribution due to doping will not change the anisotropy given by the
parent background EFG. Again, for Cu this is trivial and only 63θ33 will change with
doping. For planar O one has to resort to the data collected in Tab. 1. They reveal two
important things. Firstly, there is a steady increase of 17θ33 with doping, as well as an
increase from one family to another if Tc,max of the family is also larger. Secondly, the
anisotropy 17θ11−17 θ22 is rather similar for all HTSCs, and there appear to be only two
groups of materials that differ in this background anisotropy at a finer level.
In order to investigate the 17O results further, we plot in Fig. 1 the dependence
θ11(x) vs. θ22(x) for the data shown in Tab. 1. We note that with (7) we have,
θ11(x) = θ22(x) + ξ33ηξ ≡ θ22(x) + (ξ11 − ξ22). (8)
We recognize in Fig. 1 the two groups of materials, easily. The dashed lines with slope
one, cf. (8), are guides to the eye. The doping dependence of La-214 fits the scenario that
doping adds a symmetric tensor, only (this behavior is explained even quantitatively by
the holes entering O 2pσ orbitals almost entirely [9]). Y-123 and Y-124 have nearly the
same anisotropy, but deviate somewhat from the doping trend (perhaps since the other
O orbitals are affected by the doping to some extent). Interestingly, the points for Y-123,
Y-124 appear towards higher doping if one follows the line for La-214, i.e., further doping
La-214 could generate the same points. The second group of materials, appearing to the
left in Fig. 1, seem to follow a similar trend as doping is concerned, but their anisotropy
is clearly different. Note that these materials are much more anisotropic, but they also
have the highest Tc,max. To conclude, the data reveal that doping the different systems
does not change the anisotropy substantially, and we can use 17θ33 as a good measure of
the hole content at planar oxygen. This is in agreement with the well-established fact
that 17θ33 is a linear function of x, but it suggests that the differences in
17θ33 between
different families are largly due to a difference in the local planar oxygen hole content,
as well.
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Figure 1. Components of the total planar 17O EFGs of different cuprate families
and doping levels from Tab. 1: 17θ11 (along the crystal c-axis) vs.
17θ22 (in the CuO2
plane, perpendicular to O 2pσ). The average doping (x) is known to be linear in
17θ33
(
= −17θ11 −17 θ22
)
and is indicated by the blue arrow. The data points for Tl-
2223 and Hg,Tl-1223 that are connected by dashed lines belong to the two different O
sites (inner and outer CuO2 layer) for the same average doping[10]. The thin slanting
dashed lines indicate a slope of 1, cf. (8).
To further inquire about this conclusion, we plot in Fig. 2 the largest principle
components for Cu and O against each other, i.e., 63θ33 vs.
17θ33. We identify three
groups of materials, now. First, we have La-214 with the largest 63θ33 and comparably
small 17θ33 that strongly increases with doping (the holes enter the O 2pσ bond).
The second group concerns the Y-123 data. The parent material of Y-123 starts at
considerably lower 63θ33, but higher
17θ33; doping increases both paramters steadily.
Interestingly, the stoichiometric Y-124 fits the set of data points. The third group of
materials concerns those families that have the largest Tc,max. Unfortunately, we do not
have data for their parent materials, however, they must lie at much smaller 63θ33 and
considerably larger 17θ33. Doping appears to increase both values, similar to what is
observed for the other systems.
Note, that a smaller Cu splitting (63θ33) together with a larger O splitting (
17θ33)
for a fixed total doping signals that the Cu hole has in part been transferred to planar
O. In fact, we added a set of parallel lines from [9] representing constant doping. These
lines support this scenario even quantitatively. Based on all the data one would argue
that the planar O hole content is much higher in those systems that have the largest
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Figure 2. The largest EFG component at planar Cu (63θ33) and O (
17θ33) plotted
against each other (data from Tab. 1 and 2). The increase of the average doping is
indicated by the blue arrow. The data points for Tl-2223 that are connected by a
dashed line belong to the same doping level, but the two planar oxygen and copper
sites from the inner and outer CuO2 layers [10]. The slope of the thin, parallel lines
follows from ref. [9] for fixed doping (e.g., x=const.).
Tc,max.
It is of course intriguing to plot the oxygen splitting that represents the number of
O 2pσ holes against the critical temperature for all materials. This ”phase diagram” is
shown in Fig. 3. Due to the lack of data away from optimal doping for some materials
we do not have the full parabolic behavior of Tc on
17θ33 for all systems. Contrary to
the typical phase diagram of the cuprates Fig. 3 suggests that there should be an offset
between parabolas since the systems that can reach higher Tc do have a larger O 2pσ hole
content. We note that the values for Tc,max do scale with
17θ33. This is true irrespective
of the kind of doping (and therefore of issues of inhomogeneity). Doping a particular
family to achieve the highest Tc does increase the planar O hole content further, but
starting with a parent material that already has a higher planar O hole content is even
more important. Doping only unlocks the highest possible Tc (by destroying the Cu
based magnetism).
For Cu the number of available data is much larger, cf. Tab. 2, and we plot in
Fig. 4 Tc vs.
63θ33 for the data we found in the literature. Clearly, there is the trend
that materials with higher Tc,max will be found at lower
63θ33, but the trend is perhaps
less striking compared to the planar O data. However, the Cu parabolas reveal more
clearly the dependence on doping. The absolute changes in the Cu splitting are much
bigger than for oxygen so that the resolution is better, however, one has to be cautious
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Figure 3. Phase diagram of the HTSCs based on 17O NMR splittings (data from
Tab. 1). The black dotted lines are guides to the eye and connect different doping
levels for one family; for Tl-2223 and Hg,Tl-1223 connected pairs belong to the same
average doping, but the different planar O sites. The red line approximately connects
Tc,max. The blue arrow shows the increase of doping for all families.
Figure 4. Tc versus the
63Cu NMR splitting (data from Tab. 2). Black dashed lines
are guides to the eye and connect different doping levels for one family (for the Hg-
families with more than 3 CuO2 layers the points are connected with colored dotted
lines for the same average doping level). The blue arrow denotes the increase of the
average doping for each family.
since 63θ33 depends also on the planar O hole content.[9]
To conclude, we have analyzed all data available to us for quadrupole splittings of
planar Cu and O in the HTSCs. We find, as already stated in a number of publications,
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that the largest principle EFG components for Cu (63θ33) and O (
17θ33) are linear
functions of the average doping (x). We then conclude that even the differences in
63θ33 and
17θ33 between different families are by and large based on the differences in
the Cu vs. O hole content in the parent materials, i.e., for x = 0. We then show that
the highest critical temperature (Tc,max) is a linear function of
17θ33, the planar oxygen
hole content, i.e., the higher the oxygen hole content the higher Tc,max. This leads us to
proposing a new phase diagram for the HTSCs. It has the planar oxygen splitting (and
thus the planar oxygen hole content) as abscissa, as opposed to just x. In our phase
diagram, the superconducting domes of families with different Tc,max appear shifted,
ordered with respect to the highest Tc,max. While doping increases Tc it is not the
key factor in determining Tc,max. The proposed phase diagram might explain why one
expects slight differences in the electronic properties for different families in the usual
phase diagram.
Phase diagram of hole-doped cuprates based on 17O and 63Cu NMR quadrupole splittings9
T
a
b
le
1
.
P
ri
n
ci
p
al
va
lu
es
of
th
e
p
la
n
ar
ox
y
g
en
E
F
G
fo
r
va
ri
o
u
s
cu
p
ra
te
s
a
n
d
d
o
p
in
g
le
v
el
s
(”
u
n
d
.”
-
u
n
d
er
d
o
p
ed
,
”
o
p
t.
”
-
cl
o
se
to
o
p
ti
m
a
l
d
op
in
g,
”o
v
d
.”
-
ov
er
d
op
ed
)
.
F
or
T
l2
22
3
a
n
d
H
g
,T
l-
2
2
2
3
th
er
e
a
re
tw
o
C
u
O
2
la
ye
rs
,
th
e
in
n
er
la
y
er
w
it
h
O
(1
)
a
n
d
th
e
o
u
te
r
la
ye
r
O
(2
).
D
at
a
ar
e
ta
ke
n
fr
om
:
(a
)
R
ef
.[
9]
,
(b
)
R
ef
.[
1
1
],
(c
)
R
ef
.[
1
2
],
(d
)
R
ef
.[
7
],
(e
)
R
ef
.[
1
3
],
(f
)
R
ef
.[
1
4
],
(g
)
R
ef
.[
1
5
],
(h
)
R
ef
.[
1
6
],
(i
)
R
ef
.[
1
0
],
(j
)
R
ef
.[
17
].
F
am
il
y
d
op
in
g
T
c
1
7
θ 1
1
1
7
θ 3
3
1
7
θ 2
2
1
7
η
1
7
θ 1
1
-
1
7
θ 2
2
[K
]
[M
H
z]
[M
H
z]
[M
H
z]
[M
H
z]
[M
H
z]
L
a-
21
4
a
0
0
-0
.1
47
0.
57
4
-0
.4
27
0.
48
8
0.
28
0
0.
07
5
22
-0
.1
8
0.
6
-0
.4
2
0.
40
0
0.
24
0
0.
15
38
-0
.2
15
0.
69
-0
.4
75
0.
37
7
0.
26
0
0.
24
18
-0
.2
8
0.
81
-0
.5
3
0.
30
9
0.
25
0
Y
-1
23
a
0
0
-0
.3
1
0.
79
5
-0
.4
85
0.
22
0
0.
17
5
0.
6
60
-0
.3
41
0.
88
9
-0
.5
44
0.
22
8
0.
20
3
0.
63
62
-0
.3
47
0.
90
5
-0
.5
57
0.
23
2
0.
21
0
0.
8
84
-0
.3
53
0.
91
3
-0
.5
59
0.
22
6
0.
20
6
0.
96
92
-0
.3
62
0.
95
4
-0
.5
92
0.
24
1
0.
23
0
1
93
-0
.3
87
0.
98
6
-0
.5
99
0.
21
5
0.
21
2
1
93
-0
.3
69
0.
96
6
-0
.5
97
0.
23
6
0.
22
8
Y
-1
24
a
81
-0
.3
65
0.
92
7
-0
.5
62
0.
21
3
0.
19
7
81
-0
.3
57
0.
92
5
-0
.5
68
0.
22
8
0.
21
1
H
g-
12
01
b
74
(u
n
d
)
-0
.3
00
1.
05
0
-0
.7
50
0.
42
9
0.
45
0
T
l-
22
01
c,
d
85
(o
p
t)
-0
.3
69
1.
15
4
-0
.7
90
0.
36
5
0.
42
1
10
(o
v
d
)
-0
.4
03
1.
22
0
-0
.8
17
0.
34
0
0.
41
5
B
i-
22
12
e,
f
86
(o
p
t)
-0
.3
9
1.
14
-0
.7
5
0.
31
6
0.
36
0
82
(o
v
d
)
-0
.3
75
1.
14
0
-0
.7
54
0.
33
2
0.
37
9
T
l-
22
12
10
3
(o
v
d
)g
-0
.3
65
1.
09
-0
.7
25
0.
33
0
0.
36
0
10
2
(u
n
d
)h
-0
.3
52
1.
05
-0
.6
98
0.
33
0
0.
34
6
11
2
(o
p
t)
h
-0
.3
69
1.
10
-0
.7
32
0.
33
0
0.
36
3
10
4
(o
v
d
)h
-0
.3
79
1.
13
-0
.7
51
0.
33
0
0.
37
2
T
l-
22
23
O
(1
)
11
5
(o
v
d
?)
i
-0
.3
3
1.
06
-0
.7
3
0.
37
7
0.
40
0
O
(2
)
-0
.3
57
1.
12
-0
.7
7
0.
36
9
0.
41
3
H
g,
T
l-
12
23
O
(1
)
13
2
(o
p
t)
j
-0
.3
59
1.
10
1
-0
.7
41
0.
34
7
0.
38
3
ou
te
r
O
(2
)
-0
.3
68
1.
21
7
-0
.8
49
0.
39
6
0.
48
2
Phase diagram of hole-doped cuprates based on 17O and 63Cu NMR quadrupole splittings10
3. Acknowledgments
We would like to thank O.K. Andersen, A. Bussmann-Holder, G. V. M. Williams, A. Erb,
Th. Meier, R. Gu¨hne, and O. P. Sushkov for helpful discussions. We also acknowledge
financial support by Leipzig University, the DFG within the Graduate School Build-
MoNa, the European Social Fund (ESF) and the Free State of Saxony.
Phase diagram of hole-doped cuprates based on 17O and 63Cu NMR quadrupole splittings11
Table 2. Principal values of the planar Cu EFGs for various cuprates and doping
levels (”und.” - underdoped, ”opt.” - close to optimal doping, ”ovd.” - overdoped) .
For Tl- and Hg- families with more than 3 CuO2 layers there are two Cu sites, the inner
layer with Cu(1) and the outer layer Cu(2). Data are taken from: (a) Ref.[9], (aa)
Ref.[18], (b) Ref.[19], (c) Ref.[20], (d) Ref.[21], (e) Ref.[22], (f) Ref.[23], (g) Ref.[24],
(h) Ref.[25], (i) Ref.[26], (j) Ref.[27], (k) Ref.[28], (l) Ref.[29], (m) Ref.[30],
Family Tc
63θ33
[K] [MHz]
La-214a 0 33.2
22 34.2
35 34.6
38 35.8
36 36.6
18 37.4
Y-123a 0 23.8
60 28.9
62 28.9
84 31.5
92 31.5
93 31.5
Y-124a 81 29.72
Y,Ca-123 68 (ovd)aa 31.55
48 (ovd)aa 31.65
Hg-1201 39 (und)b 17.0
45 (und)c 17.0
70 (und)b 17.8
72 (und)b 18.5
74 (und)d 18.46
95 (opt)b 21.1
96 (opt)b 21.7
97 (opt)e 20.88
89 (ovd)b 23.1
85 (ovd)c 22.4
0 (ovd)b 27.2
Hg-1212 125 (opt)f 15.6
117 (ovd)f 16.4
101 (ovd)g 17.0
101 (ovd)h 17.6
Hg-1223 Cu(1) 115 (und)i 9.7
Cu(2) 13.7
Cu(1) 133 (opt)j 10.2
Cu(2) 16.1
Hg,Cu-1223 Cu(1) 134 (opt)k 15.3
Cu(2) 16.6
Hg-1234 Cu(1) 85 (und)l 9.3
Cu(2) 14.8
Cu(1) 123 (opt)l 9.6
Cu(2) 17.8
Hg-1245 Cu(1) 108 (opt)m 8.37
Cu(2) 16
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Table 3. ctd of Tab. 2, (n) Ref.[31], (o) Ref.[32], (p) Ref.[33],(r) Ref.[16], (s) Ref.[34],
(t) Ref.[10], (u) Ref.[35].
Family Tc
63θ33
[K] [MHz]
Bi-2212 86 (opt)n 19.0
Tl-2201 72 (ovd)o 22.2
40 (ovd)o 23.8
0 (ovd)o 26.2
Tl-1212 70 (ovd)p 20.7
52 (ovd)p 22.5
10 (ovd)p 25.8
Tl-2212 102 (und)r 16.08
112 (opt)r 17.35
104 (ovd)r 17.87
Tl-2223 Cu(1) 125 (opt)s 11.7
Cu(2) 16.4
Cu(1) 115 (ovd?)t 10.8
Cu(2) 17.4
Ba-0212F 40 (und)u 12.5
73 (und)u 13.7
105 (opt)u 15.7
102 (ovd)u 16.5
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